###### Strengths and limitations of this study

-   Employs direct measures of clinical outcomes alongside blood analysis for comprehensive investigation of the potential mechanisms involved.

-   Assesses possible confounders influencing cardiometabolic outcomes.

-   Measures only surrogate markers for diabetes and cardiovascular diseases including fasting glucose and insulin, haemoglobin A1C, central blood pressure, endothelial function and arterial stiffness, but not hard clinical end points.

Introduction  {#s1}
=============

Diabetes has become a major global public health problem. The number of people with diabetes worldwide has more than doubled over the past three decades[@R1] and it is expected to rise to 592 million by 2035, with most of these cases being type 2 diabetes (T2DM).[@R2] The prevalence of pre-diabetes is also increasing worldwide and it is projected that more than 470 million people will have pre-diabetes in 2030.[@R3] It has been estimated that around 5%--10% of people with pre-diabetes become diabetic annually.[@R4] T2DM dramatically increases the risk of cardiovascular diseases (CVD) with \~80% of individuals who have both obesity and T2DM developing CVD.[@R5] T2DM and CVD are associated with increased risk of cognitive decline.[@R6] Furthermore, neurodegenerative diseases such as Alzheimer's and Parkinson's disease often occur in people with T2DM. Alzheimer's and Parkinson's diseases share many common pathogenic features with T2DM and CVD including chronic low-grade inflammation (CLI), increased oxidative stress and accumulation of advanced glycation endproducts (AGEs).[@R11] Progression of these chronic diseases is worsened by a sedentary life-style. Lifestyle modifications not surprisingly are the mainstay of prevention and therapy of these chronic diseases.[@R12] However, these strategies are difficult and costly to achieve on a large scale and thus the T2DM epidemic continues unabated. Low-cost, accessible and easy to implement interventions, which are synergistic to lifestyle intervention, are therefore needed.

Carnosine, an over-the-counter food supplement, is currently used in exercise physiology to increase exercise performance.[@R18] Several animal and limited human studies suggest that carnosine has potential for the prevention and treatment of obesity, T2DM, CVD, and neurodegenerative diseases[@R19] through its anti-inflammatory, antioxidative, anti-glycating and chelating effects.[@R20] Our team has demonstrated for the first time that supplementation with carnosine prevented worsening of glucose metabolism in non-diabetic obese and overweight adults.[@R26] Importantly, as in previous trials,[@R27] there were no side effects associated with the carnosine supplementation. Another trial using carnosine combined with other supplements in overweight and obese non-diabetic individuals showed a decrease in fat mass and fasting glucose and an increase in fat free mass with a trend for improvement of insulin secretion.[@R31] However, in that trial, it is not clear if these effects were due to carnosine or the other supplements[@R31]. A beneficial effect of carnosine was also described in a recent intervention in patients on standard heart-failure therapy who were suffering from stable chronic heart failure and severe left-ventricular dysfunction.[@R32] Other trials reported the beneficial role of carnosine on cognitive performance in healthy individuals and patients with neurodegenerative diseases.[@R27] None of them, however, investigated the interplay between cardiometabolic risk and cognitive outcomes.

We therefore aim to conduct a randomised placebo-controlled clinical trial to determine the effect of carnosine on improving the cardiometabolic profile and cognitive function in patients with pre-diabetes and T2DM, and study the mechanisms involved.

Methods and analysis {#s2}
====================

Study design and setting {#s2a}
------------------------

This study is a parallel design randomised double-blind placebo controlled trial ([figure 1](#F1){ref-type="fig"}). We have followed the Standardised Protocol Interventions: Recommendations for Interventional Trials (SPIRIT) 2013 Statement which defines standard protocol items for clinical trials (see online [supplementary file 1](#SP1){ref-type="supplementary-material"}).[@R36] Fifty patients with pre-diabetes and T2DM (diet controlled or on oral therapy) aged between 18 to 70 years will be included. Participants will be randomised to receive either 2 g daily carnosine in two divided doses or identical placebo for 14 weeks. Participants will be sought via several advertising strategies, including posters, flyers, newspapers, and email newsletters at Monash University and Monash Medical Centre in Melbourne, Australia, and via online advertising, including social media and popular community websites. Participants with T2DM will also be recruited from the National Diabetes Service Scheme -- an initiative of the Australian Government administered with the assistance of Diabetes Australia.
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Inclusion criteria {#s2b}
------------------

Inclusion criteria are (1) aged between 18 to 70 years, (2) have pre-diabetes (impaired fasting glycaemia and impaired glucose tolerance) or T2DM (previously diagnosed or on the basis of the screening oral glucose tolerance test or on medications for treatment of diabetes), (3) haemoglobin A1c (HbA1c) level in patients with T2DM below 8%, (4) stable body weight, having exhibited a weight change \<5 kg in the last 6 months with no intention to lose weight or change physical activity in the study period, (5) patients with T2DM have to be either on diet or oral therapy without changes in treatment at least for the previous 3 months and will also be advised not to change their pre-existing therapy for the duration of the study if HbA1c does not exceed 8%.

Exclusion criteria {#s2c}
------------------

Exclusion criteria will include (1) morbid obesity (body mass index (BMI) \>40 kg/m2), (2) current smoking and/or high alcohol use (more than four standard drinks per week for men and more than two standard drinks per week for women), (3) taking anti-inflammatory medications and any medications or supplements known to effect cardiometabolic or cognitive outcomes, (4) blood transfusion history in the past 3 months, (5) any renal (estimated glomerular filtration rate of \<30 mL/min), cardiovascular, haematological, respiratory, gastrointestinal, endocrine or central nervous system diseases, psychiatric disorders, active cancer within the preceding 5 years, or the presence of acute inflammation or infection based on the medical history and the physical and laboratory examinations obtained at recruitment, and (6) pregnant or lactating women.

Sample size calculation {#s2d}
-----------------------

The sample size is calculated based on data from a similar cohort of subjects with pre-diabetes and T2DM studied in our laboratory, which had a mean (SD) fasting glucose value of 10 (2.0) and HbA1c of 7 (0.5). On this basis, a sample size of 22 completed subjects in each arm is required to detect a 20% difference in fasting glucose and an absolute change of 0.5% in HbA1c respectively. This effect size is clinically significant and similar to that observed after a 12 week carnosine supplementation in individuals with pre-diabetes.[@R26] Based on a type I error of 0.05 (two-tail) and a type II error of 0.10 (power = 90%), we would require 50 participants to complete the trial including an additional six participants to allow for non-completion.

Screening {#s2e}
---------

The study timelines are presented in [figure 1](#F1){ref-type="fig"}. At visit 1, a signed informed consent form will be obtained from each participant followed by screening by a registered medical practitioner, who will take a medical history and perform a physical examination, including vital signs and anthropometric measures using the methods outlined below. A urine pregnancy test will be performed in females to exclude pregnancy. Participants will then undergo an oral glucose tolerance test (OGTT) with measurement of glucose levels in every 30 min for five time points. Both fasting and 2 hour glucose levels will be used to determine presence of either pre-diabetes or diabetes according to WHO guidelines.[@R37] Screening blood samples will be sent to Monash Pathology to be analysed for full blood count, HbA1c, kidney and liver function tests, lipid profile, concentration of calcium, magnesium and phosphate, and C-reactive protein (CRP) which will be used as a marker of inflammation.

Baseline assessments {#s2f}
--------------------

Baseline assessments for eligible participants will commence at the second visit, which will involve measurement of endothelial function by EndoPAT, central blood pressure and arterial stiffness (Complior), and assessment of whole body composition (dual X-ray absorptiometry), and muscle and fat tissue density of the skeletal muscle in the non-dominant leg (peripheral quantitative CT). Physical function (dynamometer), physical activity (Fitbit) and heart rate variability using Biomodule BH3 will also be measured. At the third visit, participants' cognitive function using the Cambridge Neuropsychological Test Automated Battery for Prodromal Alzheimer's Disease (CANTAB test) and liver fibroscan will be assessed. Urine samples for measurement of AGEs, urinary carnosine and albumin-creatinine ratio (ACR), stool samples for microbiome and buccal samples for DNA analyses will be taken. Blood samples will also be collected for measurement of AGEs, carnosine levels, DNA damage tests and markers of inflammation. Participants will complete validated questionnaires to assess physical activity, dietary habits, knee and back pain, sleep quality, presence of depression and quality of life.

Randomisation {#s2g}
-------------

Following baseline assessments, participants will be randomised to commence supplementation with either carnosine or placebo. Randomisation will be performed in blocks of four by gender to ensure gender balance and stratified by treatment (on treatment versus not on treatment). The randomisation codes will be generated by the study statistician and will be sent to the Monash Health Clinical Trial Pharmacy, Melbourne for allocation and dispensing. Non-transparent capsules of carnosine and placebo will be provided in clear containers and they will be identical and tasteless, to ensure that both participants and investigators are blinded to the treatment. To maximise compliance, participants will be contacted every 4 weeks by phone, and will be advised to return the empty containers at the end of the study.

Intervention {#s2h}
------------

All participants will be instructed to consume orally four capsules of carnosine (Flamma S.p.A, Italy) or matching placebo daily (two capsules of 500 mg twice daily) for 14 weeks. The purity of carnosine (CarnoPure^TM^) used in this study is greater than 99.5% and it is odourless, crystalline and fully synthetic. The daily dose of 2 g was selected on the basis of previous human trials and our pilot intervention, demonstrating changes in insulin sensitivity and secretion.[@R26] Participants will be asked to maintain their usual physical activity and make no dietary changes.

Follow-up visits {#s2i}
----------------

Participants will be scheduled for their follow-up visits at the end of the last week of the study while still being on the supplements. All the procedures that were performed during the baseline visits including blood pressure measurement, anthropometry, OGTT, body composition, central blood pressure, endothelial function and arterial stiffness, muscle and fat density in skeletal muscle, liver fibroscan, and heart rate variability will be repeated. Participants will again be asked to fill out the same questionnaires.

Safety considerations {#s2j}
---------------------

During the screening, baseline and follow-up procedures, any new medical conditions or abnormal laboratory tests requiring urgent attention will be promptly discussed with the participant by a qualified medical practitioner involved in the study. If they do not require urgent medical attention, they will be discussed with participant at the end of the trial. Where appropriate, participants will be advised to visit their general practitioner for follow-up. All participants will be informed of the results of their medical review and blood tests after completion of the study. As a part of the trial, all participants will be advised on strategies to improve their diabetes and cardiovascular risk profile after completion of the trial.

Outcome assessment {#s2k}
------------------

The primary outcome of this trial is the difference (change) in glycaemic control (2 hour glucose) between carnosine and placebo groups. Secondary outcomes include changes in other metabolic parameters (fasting glucose, glucose and insulin area under the curve (AUC) after OGTT, HbA1c) body weight, body mass index, body fat composition, waist-to-hip ratio, resting systolic and diastolic blood pressure, endothelial function, arterial stiffness, lipid profile, liver fibroscan and cognitive function. Exploratory outcomes include markers of inflammation including interleukins (IL-1β, IL-6, IL-8 and IL-10), CRP, tumour necrosis factor α (TNFα), macrophage migration inhibitory factor (MMIF), monocyte chemoattractant protein-1 (MCP-1), and nuclear factor kappa beta (NF-κβ) activity. In addition, measurement of AGEs and ALEs, heart rate variability, self-reported questionnaire data and physical activity will also be included as exploratory outcome measures or co-variates.

Data collection and analysis {#s2l}
----------------------------

### Anthropometry {#s2l1}

#### BMI {#s2l1a}

Body weight (kg) and height (cm) will be measured using a digital scale (Tanita BWB-600,

Australia) and stable stadiometer (Seca 206, Australia), respectively, both at baseline and following the intervention period, during which participants will be lightly clothed and without shoes. BMI will be calculated as weight (kg)/height (m) square.

#### Waist-to-Hip Ratio (WHR) {#s2l1b}

Waist and hip circumference will be measured in duplicate using a constant-tension tape for measuring. Waist circumference will be measured at the midpoint between the upper iliac crest and the lowermost rib at the end of a normal expiration, while hip circumference will be determined at around the widest part of the buttocks. WHR will be determined as waist (cm)/hip (cm).

#### Body fat composition {#s2l1c}

Dual energy X-ray absorptiometry (DEXA) will be used to measure whole body fat composition. The fat tissue mass measured in this way consists of the sum of the fatty elements of all the soft tissue, not just adipose tissue, while the lean tissue mass reflects the sum of all chemical fat free tissue components. DEXA has been validated as an accurate, safe, and non-invasive method of measuring soft tissue body composition by region.[@R38]

#### Muscle and fat tissue density in skeletal muscle {#s2l1d}

Peripheral quantitative CT scan (pQCT) (Stratec XCT3000, Stratec, Germany) will be used to measure the muscle and fat tissue and bone density of the participants' non-dominant leg. It is a three-dimensional technique which determines volumetric bone mineral density, is capable of differentiating cortical and trabecular bone, and assessing three-dimensional geometric properties, at peripheral sites.[@R39] pQCT is also used to identify cross-sectional area and density of muscle and fat tissues.

### Metabolic studies {#s2l2}

#### OGTT {#s2l2a}

After a 10--12 hour overnight fast, participants will ingest 75 g of glucose over 2 min. Blood samples will be drawn at 0, 30, 60, 90, and 120 min to check plasma glucose and insulin concentrations. Glucose and insulin AUC will also be computed.

### Cardiovascular studies {#s2l3}

#### Blood pressure {#s2l3a}

Resting systolic and diastolic blood pressure and pulse rate will be measured using an automated oscillometric system (Omron, Australia)) after a 20 min seated rest. The average blood pressure derived from three measurements will be recorded.

#### Lipid profile {#s2l3b}

Lipid profile-related parameters to be measured include plasma total cholesterol, triglycerides, low-density and high-density lipoprotein cholesterol using a standard commercial enzymatic assay, a Beckman Coulter LX20PRO analyser and SYNCHRON Systems lipid and multi calibrators (Beckman Coulter Diagnostics, Australia).

#### Arterial stiffness and central pressure {#s2l3c}

Aortic (carotid--femoral) pulse wave velocity (aPWV) will be measured using the Complior device (Alam Medical, France). Pulse transit time - the time between successive arrivals of the foot (beginning of systole) of simultaneously recorded pressure waves -- is averaged over 10 cycles; and velocity is derived from PWV = D/Δt (m/s), where D (distance) is measured in accordance with current guidelines of the European Working Group on Large Arteries.[@R40]Central blood pressure and aortic augmentation index will also be measured by this device.[@R42]

#### Endothelial function {#s2l3d}

Non-invasive peripheral arterial tomography (EndoPAT, Itamar Medical, Israel) will be used to record continuous plethysmographic signals of the finger arterial pulse wave.[@R43] Finger plethysmographic probes are placed on each index finger; and after a 5 min equilibration period, a blood pressure cuff on the non-dominant arm is inflated to 200 mmHg for 5 min and then deflated to induce reactive hyperaemia. Measurements of post-occlusion changes (reactive hyperaemia PAT: RH-PAT) are continued for 10 min. Results are normalised to the non-occluded arm, compensating for potential systemic changes (RH-PAT ratio).

#### Heart Rate and Heart Rate variability {#s2l3e}

The Zephyr Biomodule BH3 (Black Sensor, produced by Zephyr Technology) will be used to measure heart rate and heart rate variability for three consecutive days. It is a compact lightweight physiological monitoring telemetry device intended for monitoring of adults in the home, workplace and alternate care settings. The device consists of a BioPatch receptacle and an electronics module (monitoring and recording device). It is attached to the chest using standard adhesive electrocardiography (ECG) electrodes. The device stores and transmits vital sign data including ECG, heart rate (HRV), respiration rate, body orientation and activity. The BioModule BH3 provides the ability to detect and transmit single lead ECG signals to be received by IEEE 802.15.4/USB qualified ECG instruments. The BioModule BH3 collects and transmits measurements captured during both sedentary as well as rigorous activity for heart rate, posture and activity.

### Cognitive tests {#s2l4}

Participants' cognitive function will be assessed using the Cambridge Neuropsychological Test Automated Battery for Prodromal Alzheimer's Disease (CANTAB software, UK).[@R44] Motor screening task, reaction time, rapid visual information processing, paired associates learning, delayed matching to sample, pattern recognition and spatial working memory tests are included in the battery. The Victoria Stroop, Trail Making and Digit Symbol Substitution tests will also be used to supplement the CANTAB test.

### Liver fibroscan {#s2l5}

Non-invasive transient elastography (Fibroscan, EchoSens, France) will be used to assess liver fibrosis based on the measurement of liver fat and stiffness.[@R45] The technique uses an ultrasound to determine the speed of a shear wave emitted from a transducer probe directed towards the liver. The velocity of this wave is proportional to the density, stiffness or degree of fibrosis in the liver. Also, properties of the ultrasonic signals called controlled attenuation parameters measure the degree of liver fat.

### Physical function and strength {#s2l6}

#### Physical activity {#s2l6a}

A Fitbit Charge Heart Rate (Fitbit, USA) activity tracking monitor will be used to objectively measure participants' physical activity for five consecutive days. The feedback screen on this device will be obscured so as to avoid influencing participant activity levels. Physical activity data including steps/day, minutes of moderate/vigorous activity/day and average heart rate will be recorded. Participants will also be provided with a diary to complete during each monitoring period.

#### Hand grip strength {#s2l6b}

will be assessed for both hands using a Jamar hydraulic hand grip dynamometer (Lafayette Instrument Company, USA). The participant will hold the hand grip dynamometer with their elbow at a 90° angle and their opposite arm resting on their lap. The participant will apply as much force as possible for three seconds while in a seated position. This test will be completed three times with a 30 s rest between trials. The mean of the final two trials for each hand will be recorded as the criterion measure for hand grip strength.

#### Knee extension strength {#s2l6c}

will be measured in the dominant leg using a Baseline Cable Tensiometer (Fabrication Enterprises, USA). The participant sits upright on a tall stool with a seat back, and with their hands resting on their lap. The tensiometer is secured to the rear leg of the stool corresponding with the leg to be assessed. A Velcro strap is secured to the participant's ankle and they are instructed to apply a maximal force by attempting to move their leg in a forward direction for three seconds. The tensiometer dial indicates the peak force achieved in kilograms. Three trials are performed in each leg with the mean score for each leg taken as the criterion value for quadriceps strength.

### Self-Reported questionnaires {#s2l7}

#### Record of habitual diet {#s2l7a}

Before and after intervention, dietary intake (energy, macronutrient, micronutrient, food groups) will be assessed through weighed 2×3 day food records, comprising three consecutive days (2 weekdays and one weekend day). Additional days or non-consecutive days will be analysed if considerable dietary variation is found. Food records will be analysed using Foodworks 7 Professional Dietary Software (Xyris Software, Australia) and Australian food composition data (NUTTAB 2010). Participants' preference for high-fat/low-fat foods will be also be determined using Food Preference Questionnaire. Participants will rate each food (n=72) hedonically on a 9-point Likert scale, with 1-dislike extremely, 5-neutral, and 9-like extremely. Fat preference score will be a ratio of high-fat score to low-fat score.

#### International Physical Activity Questionnaire (IPAQ) {#s2l7b}

The short version of IPAQ will be used to subjectively measure participants' physical activity in addition to the Fitbit. The short IPAQ asks participants to reflect on the past 7 days and report time spent on vigorous activity (eg, aerobics), moderate activity (eg, carrying light loads), walking, and sitting.[@R46]

#### Sleep quality {#s2l7c}

Pittsburgh Sleep Quality Index will be used as a general subjective measure of sleep, which will be completed by the participant before and after the intervention.[@R47] Participants will also be asked to complete the Pittsburgh Sleep Diary and Stanford Sleepiness Scale in the morning for 2 periods of 14 days (before and after).[@R48] The participants' usual sleep habits for the past 1 month will be assessed.

#### Depression scale {#s2l7d}

Personal Heath Questionnaire Depression Scale will be used to assess participants' depression level.[@R50] It is an 8-item self-report questionnaire that asks participants' to rate their feeling for the past 2 weeks from not at all (0) to nearly every day (3).

#### Quality of life {#s2l7e}

EuroQol five dimensions questionnaire (EQ-5D) is a standardised instrument for measuring general health status in terms of five dimensions; mobility, self-care, usual activities, pain/discomfort, and anxiety/depression.[@R51] Participants will rate their level of severity in each dimension using three level scale.

### Laboratory measurements {#s2l8}

#### Measurement of carnosine and carnosinase {#s2l8a}

Serum and urine carnosine levels will be quantitatively analysed with high-performance liquid chromatography/electrospray ionisation tandem mass spectrometry (HPLC-ESI-MS systems) (triple quadruple and orbitrap MS analyser); metabolites of carnosine from covalent detoxification of the reactive carbonyl species (precursors of AGEs and ALEs) will be profiled similarly. Plasma carnosinase protein content will be measured by ELISA for human carnosinase one with a monoclonal antibody (clone ATLAS, Abcam) and peroxidase substrate.[@R52]

#### Measurement of AGEs & ALEs {#s2l8b}

Plasma and urinary AGEs and ALEs will be measured by LC--MS and ELISA tests.[@R53] Circulating receptor for AGEs will be measured by ELISA.[@R54] Protein modifications and the effect of carnosine supplementation will be determined by proteomic approaches. Systemic oxidative status will be determined by measuring the advanced oxidation protein products and by measuring the cysteinylated form of albumin by mass spectrometry. Mercapturic acid adducts with the main reactive carbonyls species will also be quantitatively determined by LC-ESI-MS/MS.[@R53]

#### Inflammatory markers {#s2l8c}

Plasma inflammatory markers (IL-1β, IL-6, IL-8 and IL-10, TNFα, MMIF, and MCP-1) will be measured using a bead-based multiplex assay (Multi-analyte flow assay kit, LEGENDPlex, BioLegend, CA, USA), while plasma CRP will be analysed via highly sensitive near infrared particle immunoassay rate methodology and a Beckman Coulter Synchron LX system chemistry analyser (Beckman Coulter Inc., Australia).

#### NF-κβ activity {#s2l8d}

Nuclear extracts of white blood cells will be obtained and analysed for the binding capacity of the p50/p65 subunit of NF-κβ to an NF-κβ oligonucleotide consensus sequence as per the manufacturer's instructions (Active Motif, CA, USA).

#### DNA damage tests {#s2l8e}

Telomere length and micronuclei will be measured in DNA isolated samples according to the protocol previously described.[@R55] Frozen isolated lymphocytes and buccal cells will be used for DNA damage tests to measure telomere length and mitochondrial DNA deletions. Buccal cells will be collected in a minimally invasive manner from the inside of the cheek/mouth using a soft toothbrush.

Statistical analysis {#s2m}
--------------------

Changes in glycaemic control, and other parameters across interventions, will be compared using the Analysis of Covariance (ANCOVA) model to account for covariates such as age, sex, obesity, physical activity, and carnosinase activity if necessary. The assumptions for the tests will be assessed and data transformation and non-parametric tests applied when appropriate. Categorical variables will be compared between the two arms using the Chi-squared test or Fisher\'s Exact test wherever appropriate. *P* values of \<0.05 will be taken as statistically significant. Analysis will be performed by intention to treat principle. A formal interim analysis is planned when 25 patients have been recruited and have the endpoints successfully assessed. The trial will be stopped early for efficacy when the t-statistic crosses the 2.9626 level for both endpoints (Fasting glucose and HbA1c), according to the sequential O\'Brien-Fleming alpha spending function proposed by Lan and DeMets.[@R57] Data analysis will be performed in Stata V14.0 (Stata Corp, College Station, Tx, USA).

Ethics and dissemination {#s3}
========================

Ethics approval {#s3a}
---------------

This trial has obtained ethical approval from the Human Research Ethics Committee of Monash Health (ID number: 16061A) and Monash University (ID number: 7787), Melbourne, Australia. The trial has commenced in October 2016 and currently recruiting participants.

Informed consent {#s3b}
----------------

All participants will receive adequate information about the nature, purpose, possible risks and benefits of the trial before enrolment. A written informed consent form is required for enrolment.

Dissemination {#s3c}
-------------

The study findings will be disseminated in national and international conferences, and peer-reviewed publications.

Discussion {#s4}
==========

This clinical trial will investigate the effect of carnosine supplementation on cardiometabolic health and cognitive outcomes in patients with pre-diabetes and T2DM, and comprehensively investigating the mechanisms including CLI and AGEs.

Recent literature suggest that carnosine has a potential to prevent or delay the development of T2DM and its complications. Animal studies show that carnosine supplementation reduces, in a dose-dependent manner, blood glucose, HbA1c and increases insulin sensitivity and secretion along with β-cell mass.[@R19] Data from db/db mice demonstrated that carnosine supplementation can delay the development of T2DM.[@R19] In rodents, carnosine has also been shown to reduce proteinuria and renal vascular permeability[@R59] and plasma corticosterone level,[@R60] and prevented microvascular complications of diabetes including renal,[@R61] retinal[@R62] and neural damages.[@R63]

Two human clinical trials showed promising therapeutic benefits of carnosine. We have previously shown in non-diabetic overweight and obese individuals that carnosine supplementation increased urinary carnosine levels, and prevented worsening of glucose metabolism.[@R26] In a subgroup of individuals with impaired glucose tolerance, both 2 hour glucose and insulin levels were reduced after carnosine supplementation compared with placebo.[@R26] Another study has shown that carnosine supplement together with chromium and cinnamon decreased fasting glucose[@R31] and increase fat free mass[@R31] in patients with pre-diabetes. Chromium and cinnamon have both been shown to have positive effects on T2DM and therefore could have exaggerated the effect of the supplement on glucose metabolism. The effect of carnosine alone in a representative sample of patients with pre-diabetes needs to be confirmed. In spite of these findings, high quality human clinical trials investigated the role of carnosine on glucose metabolism remain scarce. This trial will thus inform and advance this field.

Evidence from animal studies showed that administration of carnosine reduced weight, blood pressure, lipid levels and atherosclerotic plaque instability[@R19] and inhibited the development of atherosclerosis[@R58] and hypertension.[@R22] An intervention study conducted in patients on a standard heart failure therapy who were suffering from stable chronic heart failure and severe left ventricular dysfunction demonstrated that chronic supplementation of carnosine showed a trend to increased end-diastolic volume.[@R32] More recently, supplementation with chicken extract, which is rich in carnosine and anserine, was shown to reduce heart rate variability in young females.[@R66] Nevertheless, human clinical trials with larger sample sizes investigating the role of carnosine on the prevention of cardiovascular diseases are lacking. This trial can therefore provide valuable insights on the effect of carnosine on surrogate measures of cardiovascular diseases in humans.

With regard to cognitive outcomes, carnosine supplementation was shown to prevent the development of ischaemic vascular dementia[@R67] and Alzheimer's disease[@R68] in rodents. Beneficial psychological effects of carnosine have also been demonstrated in humans. Supplementation with carnosine improved cognitive impairment in patients with Parkinson's disease[@R27] and Gulf War Illness,[@R69] and improved executive function and strategic efficiency and reduced perseverative errors in patients with schizophrenia.[@R28] In autistic children, carnosine has also been shown to improve their receptive speech, socialisation and behaviour.[@R29] None of the previous studies investigated the role of carnosine on cognitive outcomes associated with patients with impairment of glucose metabolism despite the presence of a strong link between the two. High quality clinical trials, such as this, should therefore be warranted to determine whether carnosine improves cognitive decline in patients with pre-diabetes and T2DM.

Chronic inflammation, oxidative stress and AGEs have been shown to play a role in the development of chronic diseases such as T2DM, CVD, and neurodegenerative diseases.[@R54] Mechanisms of action of carnosine include chronic inflammation, oxidative stress and AGEs, which have been thus far only been investigated in animal studies. Carnosine has been shown to reduce the levels of inflammatory cytokine production in mice.[@R20] In addition to its direct effect on cytokines, carnosine also plays a significant role as an antioxidant[@R73] by acting as a free radical scavenger.[@R76] The anti-glycation properties of carnosine have also been demonstrated in several studies.[@R78] Carnosine suppresses the formation of AGEs by acting as a sacrificial molecule and protecting protein amino groups from glycation by highly reactive carbonyl compounds.[@R78] The inhibitory effects on AGEs and ALEs, which act as ligands and activators of receptor for AGE receptors,[@R81] further contribute to the anti-inflammatory effects of carnosine. Furthermore, carnosine has also been shown to inhibit insulin signalling pathways and sympathetic nervous system.[@R82] Human studies investigating the role of carnosine on these mechanisms of action are limited. High-quality human clinical trials such as this one are therefore essential to understand the role of carnosine in humans.

Conclusion {#s5}
==========

As a result of the steady increase in obesity, poor diet, and sedentary lifestyle across all demographic levels in modern society, chronic diseases such as T2DM continue to spread alarmingly. There is an urgent need for safe, effective, accessible, innovative, low-cost interventions aimed at the risk factors for chronic diseases to enable prevention of cardiometabolic disease. Several animal and few human studies suggest the beneficial role of carnosine supplementation for the prevention and treatment of chronic diseases. A well-designed human trials which investigate the effect of carnosine on cardiometabolic health and cognitive outcomes however are lacking. If we can demonstrate that carnosine optimises cardiometabolic health and cognitive function in patients with pre-diabetes and T2DM, our study would have substantial implications for public health and could lead to simple, low-cost, and effective strategies for prevention and treatment of T2DM, CVD and neurodegenerative diseases.
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